AlN codoped ZnO films were deposited on sapphire substrates at low temperature using a cosputter system under various N 2 /(N 2 + Ar) flow ratios. To investigate the nitrogen function, the ratio of nitrogen ambient was varied during cosputtering. AlN codoped ZnO films with various crystallographic structures and bonding configurations were measured. With an adequate nitrogen atmosphere deposition condition and postannealing temperature at 450 C, the p-type conductive behaviors of AlN codoped ZnO films were achieved due to the formation of Zn-N bonds. According to the low-temperature photoluminescence spectra, the binding energy (E A ) of 0.16 eV for N acceptors can be calculated. Using time-resolved photoluminescence measurement, the carrier lifetime in AlN codoped ZnO films increases due to the reduction of oxygen vacancies caused by the occupation of adequate nitrogen atoms.
I. INTRODUCTION
Group V elements, such as N, P, As, and Sb, are evidently the most suitable sort of dopants for forming shallow acceptors in ZnO films. [1] [2] [3] [4] Among them, nitrogen, because of its ionic radius similar to oxygen atoms, is thought of as a promising candidate for substituting oxygen atoms in ZnO. Many researchers have made efforts in doping N into ZnO using different nitrogen sources and various deposition methods. However, because of the higher chemical activity of oxygen atoms, 5 Zn atoms prefer to bond with O atoms than N atoms, which results in a low solubility of N in ZnO. Moreover, there exist various unintentional donors in ZnO. Hence, N-doped p-type ZnO is difficult to produce. To overcome the difficulty, the N-III codoping method, such as N-In, N-Ga, and N-Al, has been reported and demonstrated to be a promising technique for the formation of p-type ZnO. [6] [7] [8] In this work, ZnO-AlN films were cosputtered on sapphire substrates using ZnO and AlN targets in a mixed Ar and N 2 atmosphere, in which AlN was used as the source of N acceptors and Al reactive codopants. The films deposited with different N 2 /(N 2 + Ar) flow ratios and postannealed at different temperatures were characterized. The electrical and optical properties of the resulted films were analyzed, from which we deduced an adequate deposition condition and postannealing temperature for getting stable p-type ZnO film.
II. EXPERIMENTAL PROCEDURE
The radio frequency (rf) magnetron cosputtering system equipped with a dual rf power supply was used to deposit Al, N codoped ZnO films on sapphire substrates. Pure AlN (99.99%) and pure ZnO (99.99%) were used as the target materials and the corresponding rf powers were fixed at 25 and 100 W, respectively. The N 2 /(N 2 + Ar) flow ratios of 0%, 4%, 8%, and 12% with the total flow rate kept at 50 sccm were used in the deposition of Al, N codoped ZnO films with various N contents. The substrate holder was rotating during the deposition to improve the uniformity of the thickness and the doping content of the deposited films. All the samples studied here were deposited at a low temperature and without heating the substrates. The base pressure and working pressure of the chamber of the magnetron cosputtering system were kept at 2.0 Â 10 À6 Torr and 10 mTorr, respectively. To activate the doping impurities, the samples were postannealed at 400, 450, and 500 C for 10 min in a N 2 ambient using a rapid-thermal annealing (RTA) system. The electrical properties of the resulting films, including carrier mobility, carrier concentration, and resistivity, were determined by Hall measurement. The crystallographic structures of the samples were characterized by x-ray diffraction (XRD) with Cu K a1 radiation (l = 0.154 nm). The low temperature photoluminescence (LTPL) spectra of the samples were measured at 10 K by using the He-Cd laser (l = 325 nm) as an excitation light source. A picosecond time-resolved photoluminescence (TRPL) system was applied to determine the carrier lifetime of the ZnO and ZnO-AlN films at room temperature under the excitation of a wavelength of 266 nm from a Ti: sapphire laser system. The optical transmittance of the deposited ZnO and ZnO-AlN films was measured at room temperature using an ultraviolet/visible (UV/VIS) 4100 spectrophotometer (Hitachi, Tokyo, Japan). Table I lists the cosputtering deposition conditions [ZnO and AlN targets, N 2 /(N 2 + Ar) flow ratio], postannealing temperatures, and electrical properties of the deposited ZnO and ZnO-AlN samples. For the purpose of easy identification, the samples were divided into five groups in accordance with the deposition conditions, which were referred to as sample group A, B, C, D, and E, respectively (Table I ). For the samples of group A, after thermal annealing, Ti/Au (30/100 nm) circular contact metal patterns were deposited by electron-beam evaporation and then annealed at 300 C in N 2 ambient for 1 min to form ohmic contact. However, for the AlN and ZnO cosputtered films with unknown conduction types, two kinds of contact metals of Ti/Au (30/100 nm) and Ni/Au (30/100 nm) were deposited and then annealed at 300 and 400 C for 1 min in N 2 ambient, respectively. It was checked to find out which one formed an ohmic contact.
III. EXPERIMENTAL RESULTS AND DISCUSSION
Compared with the other sample groups, the samples of group B exhibited the highest electron concentration, which would be attributed to the effective substitution of Zn sites by Al atoms provided by cosputtering AlN. It is known that the substitutional Al atoms form shallow donors and contribute conduction electrons. 9 The decrease in resistivity of the samples of B group with the increase of annealing temperature was attributed to the activation of the effective donor impurity Al in AlN codoped ZnO films. However, the high electron concentration also implies that at the deposition condition of B group (under pure Ar ambient), not enough N acceptors were formed. In other words, the formation of Zn-N bonds is not preferential in an insufficient N atmosphere during the deposition process.
The sample with a lower annealing temperature of 400 C in group C exhibited n-type conductive behavior. With the same annealing temperature, the samples in groups D and E, deposited under higher N 2 /(N 2 + Ar) flow ratios, exhibited a high resistivity and ambiguous carrier type. However, with the intermediate postannealing temperature at 450 C, the deposited films of groups C, D, and E were converted from n-type into p-type conduction, indicating that the N-related acceptor dopants were activated properly by the annealing treatment at this temperature. According to the reported theoretical calculation, 10 the formation of III-2N complex shallow acceptors was more favorable than that of 2N complex in codoped ZnO films due to the decrease of Madelung energy. Our experimental results show that the nitrogen ambient in the deposition process affects the formation of III-2N complex in ZnO of samples C, D, and E. In the previous study, concerning N-doped ZnO deposited with various N 2 flow ratios in the sputtering process, 11 it was shown that the rf source can activate nitrogen gas into mixtures of molecular and atomic N. The amount of (N) O acceptors due to flow ratio have a lower hole concentration was due to the self-compensation induced by the higher (N 2 ) O concentration within ZnO films. Moreover, the carrier type of samples in C, D, and E, annealed at a higher temperature of 500 C, changed from p-type to n-type. This phenomenon was attributed to the dissociation of Zn-N bonds and the formation of native defects, such as oxygen vacancies. C exhibited different carrier concentration. Figure 2 shows the LTPL (10 K) spectra of the undoped ZnO and the AlN codoped ZnO films, which were deposited at N 2 /(N 2 +Ar) flow ratio of 0%, 4%, 8%, and 12% and postannealed at 450 C. The emission peak at 3.362 eV of undoped ZnO (sample A), shown in Fig. 2 , was assigned as the neutral donor bound exciton (D o X) in ZnO film. The peak located at 3.315 eV was labeled as donor-acceptor pair (DAP) transition. 15 The associated emission of sample B, deposited at an ambient without nitrogen, revealed a smaller emission intensity. However, the PL spectra of the AlN codoped ZnO films deposited at a N 2 containing ambient (samples C, D, and E) were apparently different from that of the pure ZnO film. A new strong peak at 3.332 eV was clearly observed for samples C, D, and E. This peak could be attributed to the neutral acceptor bound exciton (A o X) in ZnO film cosputtered with AlN under N 2 containing ambient. The new peak at 3.278 eV was attributed to the recombination emissions of free electron to acceptor hole level (FA) due to the nitrogen in the oxygen site (N) O . 7, 16 The binding energy (E A ) of N acceptors at 10 K can be estimated as
where E g = 3.437 eV is the intrinsic band gap of ZnO, 17 ,18 E FA is the temperature-dependent transition energy, k B is the Boltzmann constant, and T is the absolute temperature. emission caused by the dopant-induced defects. The other broad deep level emission at 2.15 eV was regarded as the oxygen-related emission. 5 As shown in Fig. 3 , the emission induced by dopant increased and the oxygen-related emission decreased apparently, when the annealing temperature increased from 400 to 450 C for sample C. The decrease of the oxygen-related emission can be consistently attributed to the occupation of the oxygen vacancy site by nitrogen atoms. This implies that more (N) O acceptors were formed, which interprets the stable p-type behavior for the sample in group C annealed at 450 C. The degradation of the p-type behavior for samples annealed at higher temperatures was attributed to the dissociation of Zn-N bonds and Zn-O bonds. The oxygen-related emission evidently increased and a high electron carrier concentration was obtained for the sample in C annealed at 500 C, as listed in Table I . For samples of pure ZnO and AlN codoped ZnO with the postannealing temperature fixed at 450 C, the LTPL spectra were measured at 10 K and are shown in Fig. 4 . The green-band emission (2.35 eV) and orange-band emission (1.89 eV) of the undoped ZnO film (sample A) were attributed to oxygen vacancies and oxygen interstitials, respectively. 21, 22 As shown in Fig. 4 , the intensity of the two corresponding emission bands of sample B was smaller than that of sample A, which implies that less oxygen vacancies existed in sample B than in sample A. This implies that the higher electron concentration of sample B (listed in Table I ) might be attributed to the substitutional Al atoms on Zn sites instead of oxygen vacancies. Compared to the case of the sample C, more N 2 on O substitution sites (N 2 ) O simultaneously existed in samples D and E, which resulted in the larger lattice constants as identified by the XRD experimental results. This is consistent with the fact that samples D and E were deposited under higher N 2 /(N 2 + Ar) flow ratios. Furthermore, the fact that the green-band emission of samples D and E is larger than that of sample C implies more O vacancies existed in samples D and E, which can be tentatively interpreted as the result of compensation for the existence of more (N 2 ) O in the film. Because both O vacancies and (N 2 ) O serve as donors in ZnO film, the N acceptors formed in samples D and E were partly compensated by them and resulted in a lower hole concentration as seen in Table I . Figure 5 (a) shows PL spectra of the neutral acceptor bound exciton (A o X) of the sample annealed at 450 C in group C, measured at temperatures from 10 to 300 K. The spectra exhibit a redshift of the peak position of A o X emission, which is due to the decrease of the ZnO band gap energy with the temperature. 15 The intensity of the A o X emission peaks decreases with the increase of the temperature, but at the same time, the free exciton emission increases. The transition from bound exciton emission to free excition (FX) emission occurred due to the thermal dissociation of the A o X at a higher temperature. 
where I o is the emission intensity at 0 K, a is the fitting parameter, E a is the activation energy from the acceptorbound exiton to free exciton, k is the Boltzmann constant, and T is the absolute temperature. The fitting parameter a = 138.9 and activation energy of 15 meV were obtained from the fitting of the experimental data above 70 K. Using the Haynes rule that E a /E A is approximately equal to 0.1 for ZnO material system, 24 the acceptor binding energy (E A ) of 0.15 eV was derived. This result is quite in agreement with the acceptor binding energy derived from Eq. (1). To investigate the carrier lifetime (t) of the pure ZnO and AlN codoped ZnO films annealed at 450 C, the decay of the near band edge emission (380 nm) at room temperature was measured using a TRPL system with a picosecond Ti: sapphire laser of a wavelength 266 nm as an excitation source. The results are shown in Fig. 6 . It was found that the 1/e carrier lifetime of the n-type pure ZnO films was 0.25 ns. When the N 2 /(N 2 + Ar) flow ratio used in the deposition of the AlN codoped ZnO films increased from 0% to 4%, the carrier lifetime increased from 0.25 to 0.69 ns. However, the carrier lifetime decreased with further increasing N 2 /(N 2 + Ar) flow ratio from 8% to 12%. The increase of carrier lifetime can be attributed to the decrease of bypass processes, such as recombination caused by oxygen vacancies. [25] [26] [27] This is consistent with the fact that (N) O formation is preferential to the formation of O vacancies for the sample annealed at 450 C of group C. Figure 7 shows the optical transmittance spectra measured at room temperature for the pure ZnO and AlN codoped ZnO films deposited on sapphire substrates and annealed at 450 C. For samples A, B, and C, the sharp absorption edge and the optical transmittance of above 90% in the visible region were observed. On the contrary, the absorption edge of AlN codoped ZnO films deposited under higher nitrogen ambient [N 2 /(N 2 + Ar) = 8%, 12%] shifted to a longer wavelength. Compared with sample A, the blue shift of absorption edge of the sample B was due to the higher electron carrier concentration, which was similar to the result of Al-doped ZnO(AZO) thin films. 28 As a direct band gap semiconductor, the optical energy gap can be obtained from the measured absorption coefficient a
26
:
where hn and E abs are the photon energy and the absorption edge, respectively. The absorption coefficient a is determined from a = ln(1/T)/d, where T and d are the measured optical transmittance and the film thickness, respectively. The optical band gaps shown in Fig. 8 are determined from Eq. (3) by plotting the (ahn) 2 versus hn and then extrapolating the linear part to the energy axis. The blue shift from 3.289 eV (sample A) to 3.301 eV (sample B) is attributed to the Burstein-Moss effect. 29 The room temperature optical band gap thus derived is 3.278, 3.222, and 3.210 eV for the AlN codoped ZnO films deposited under N 2 /(N 2 + Ar) flow ratio of 4%, 8%, and 12%, respectively. The decrease of the optical band gap is ascribed to the smaller ionicity of the Zn-N bond than that of the Zn-O bond, because the electron negativity of N(3.0) is smaller than that of O(3.5). 
IV. CONCLUSIONS
High quality p-type ZnO films can be obtained by cosputtering of ZnO and AlN targets under an adequate N 2 /(N 2 + Ar) flow ratio of 4% and postannealing at 450 C. According to the LTPL emission spectra, we deduced that the binding energy E A of N acceptor is about 0.16 eV. Degradation of the p-type behavior for films deposited under a higher nitrogen ambient and annealed at a higher temperature is caused by the formation of the (N 2 ) O shallow donor level and the formation of native defects. The carrier lifetime of AlN codoped ZnO films was longer than that of the pure ZnO. This is consistent with the observation that more (N) O were formed, which results in good p-type ZnO films. This study is expected to provide a reproducible and controllable method to deposit p-type ZnO films using a magnetron cosputtering system. 
